We consider a composite Higgs model embedded into a Grand Unified Theory (GUT) based on the E 6 gauge group. The phenomenological viability of this E 6 inspired composite Higgs model (E 6 CHM) implies that standard model (SM) elementary fermions with different baryon or lepton number should stem from different 27 representations of E 6 . We present a six-dimensional orbifold GUT model in which the E 6 gauge symmetry is broken to the SM gauge group so that the appropriate splitting of the bulk 27-plets takes place. In this model the strongly coupled sector is localised on one of the branes and possesses an SU (6) global symmetry that contains the SU (3) C × SU (2) W × U (1) Y subgroup. In this case the approximate gauge coupling unification can be attained if the right-handed top quark is a composite state and the elementary sector involves extra exotic matter beyond the SM which ensures anomaly cancellation. The breakdown of the approximate SU (6) symmetry at low energies in this model results in a set of the pseudo-Nambu-Goldstone states which include a Higgs doublet and scalar colour triplet. We discuss the generation of the masses of the SM fermions in the E 6 CHM. The presence of the TeV scale vector-like exotic quarks and scalar colour triplet may provide spectacular new physics signals that can be observed at the LHC. * On leave of absence from the Theory Department, SSC RF ITEP of NRC "Kurchatov Institute", Moscow, Russia.
Introduction
The properties of a new scalar particle, discovered by the ATLAS [1] and CMS [2] collaborations at CERN, strongly suggest that it is the Higgs boson, the particle related to the mechanism of the electroweak (EW) symmetry breaking (EWSB) in the standard model (SM). Current data does not allow one to distinguish whether this new scalar state is an elementary particle (up to very high energies) or a composite state composed of more fundamental degrees of freedom. The idea of a composite Higgs boson, which was proposed in the 70's [3] and 80's [4] , implies that there exists a new, strongly coupled sector. This sector generates the EW scale dynamically, in analogy with the origin of the QCD scale. In such models the composite Higgs state has generically a large quartic coupling and tends to be quite heavy. On the other hand, the recently observed Higgs boson is sufficiently light, with mass around m h ≃ 125 − 126 GeV, that it corresponds to a rather small value of the Higgs quartic coupling, λ ≃ 0.13. The relatively low values of m h and λ indicate that the Higgs field can emerge as a pseudo-Nambu-Goldstone boson (pNGB) from the spontaneous breaking of an approximate global symmetry of the strongly coupled sector. This idea was used before in the little-Higgs models [5] .
The pNGB Higgs idea is also realised in Randall-Sundrum (RS) extra-dimensional scenarios, with the SM fields in the bulk [6] - [7] . Via the AdS/CFT correspondence, these scenarios are dual to the 4D composite Higgs scenarios in which Kaluza-Klein excitations are associated with the low-lying bound states at the compositeness scale, f [6] - [9] . Thus these models contain a sector of weakly-coupled elementary particles, including the SM gauge bosons and SM fermions, as well as a second strongly interacting sector resulting in a set of composite bound states that involves a Higgs doublet, massive excitations of the elementary fields and so on. The elementary states couple weakly to the composite operators of the strong sector. Because of this, at low energies those states identified with SM fermions (bosons) are a mixture of the corresponding elementary fermionic (bosonic) states and their vectorlike fermionic (bosonic) composite partners. In this framework, which is known as partial compositeness [9, 10] , the SM states couple to the composite Higgs with a strength which is determined by the fraction of the compositeness of this state. That is, for the effective up-and down-quark Yukawa couplings (y 
where i, j = 1, 2, 3 run over three generations, Y The observed mass hierarchy in the quark and lepton sectors can be accommodated through partial compositeness if the fractions of compositeness of the first and second generation fermions are quite small; that is, the couplings of the corresponding elementary states to their composite partners are very weak. Such weak couplings also substantially suppress the flavor-changing effects and the modifications of the W and Z couplings associated with the light SM fermions [9, 11] , serving as a generalization of GlashowIliopoulos-Maiani (GIM) mechanism of the SM [12] . At the same time, the top quark is so heavy that right-handed and left-handed top quarks (t c and t) should have sizeable fractions of compositeness. Since precision data, such as Z → bb measurements, imply that the left-handed b-quark, and hence t, should have a reasonably small admixture of composite partners, t c is expected to be almost completely composite.
If t c is entirely composite then the approximate unification of the SM gauge couplings, α i , can be achieved very naturally [13] . This happens, for example, when all composite objects fill in complete SU (5) 
where α = 1, 2 runs over the first two generations and i = 1, 2, 3 runs over all three. We have denoted here the left-handed quark and lepton doublets by q i and ℓ i , the right-handed up-and down-type quarks and charged leptons by u This scenario also implies that the dynamics of the strongly interacting sector leads to the composite 10 + 5 + 1 multiplets of SU (5) which, in turn get combined withq,d c ,l, e c and η forming a set of vector-like states. The only exceptions are the components of the 10-plet associated with the composite t c , which survive down to the EW scale.
Using the one-loop renormalisation group equations (RGEs) it is rather easy to find the value of α 3 (M Z ) for which exact gauge coupling unification takes place in this model
where b i are one-loop beta functions, with the indices 1, 2, 3 corresponding to the U(1) Y , SU(2) W and SU(3) C interactions. Since all composite states come in complete SU (5) multiplets, the strong sector does not contribute to the differential running, which is determined by (b i − b j ) in the one-loop approximation. Then, for α(M Z ) = 1/127. GeV in these models [13] - [15] .
In this context it is especially interesting to consider the embedding of the composite Higgs models into well known Grand Unified Theories (GUTs) in which all elementary quark and lepton states are the components of some irreducible representation of the GUT gauge group. Here we focus on the E 6 gauge theory. In this GUT all elementary SM fermions can originate from the fundamental 27-dimensional representation of E 6 . To suppress baryon and lepton number violating operators, that lead to rapid proton decay and too large masses of the left-handed neutrinos, the low energy effective Lagrangian of this E 6 inspired composite Higgs model (E 6 CHM) has to be invariant with respect to the global U(1) B and U(1) L symmetries associated with the conservation of baryon and lepton numbers, to a very good approximation. In the simplest case this implies that elementary quark and lepton fields with different baryon or lepton number should come from different 27-plets, whereas all other components of these 27-plets acquire masses somewhat close to the scale M X where the E 6 gauge symmetry is broken down to the SM gauge group. The corresponding splitting of the 27-plets can take place in the orbifold GUTs.
The layout of this paper is as follows. In Section 2 we present a six-dimensional (6D) orbifold GUT model based on the E 6 gauge group in which E 6 is broken down to SU(3) C × SU(2) W × U(1) Y gauge symmetry, so that all SM fermions with different baryon or lepton number stem from different fundamental representations of E 6 . At low energies the weakly-coupled elementary sector of this model involves a set of states given by Eq. (2) . In this SUSY GUT model all fields of the strongly interacting sector reside on the brane where E 6 gauge symmetry is broken down to SU (6) . This SU(6)
Here we assume that SU (6) remains an approximate global symmetry of the strongly coupled sector even at low energies. This can happen when the gauge couplings of the strongly interacting sector are considerably larger than the SM gauge couplings below the scale M X . Assuming that the breakdown of the approximate global SU(6) symmetry down to its SU(5) subgroup takes place at low energies, the spectrum of the E 6 CHM involves a set of the pseudo-NambuGoldstone states, including a composite Higgs doublet and scalar colour triplet. In section 3 we discuss the generation of masses of the SM fermions and other phenomenological implications of the E 6 CHM. Our results are summarized in Section 4.
E 6 orbifold GUT model in six dimensions
Higher-dimensional theories offer new possibilities for gauge symmetry breaking. A simple and elegant scheme is provided by orbifold compactifications which have been considered
for SUSY GUT models in five dimensions [16] - [21] and six dimensions [20] - [24] . These models apply ideas that first appeared in string-motivated work [25] , where it was pointed out that the gauge symmetry could be broken by identifications imposed on the gauge fields under the spacetime symmetries of an orbifold. More recently, orbifold compactifications of the heterotic string have been constructed which can account for the SM in four dimensions and which have five-dimensional or six-dimensional GUT structures as intermediate steps, very similar to orbifold GUT models [26] . In the context of SherkSchwarz compactification the models of composite quarks and leptons were discussed in [27] .
In this section we study an N = 1 supersymmetric (SUSY) GUT in 6D that can lead at low energies to the field content of the weakly-coupled elementary sector given by Eq. (2).
In particular, we focus on the SUSY GUT based on the E 6 × G 0 gauge group. This SUSY GUT implies that at high energies E 6 and G 0 are broken down to their subgroups, i.e.
SU(3)
C × SU(2) W × U(1) Y and G, respectively, which are associated with the elementary and strongly coupled sectors. Fields from the strongly coupled sector can be charged under both the E 6 and G 0 gauge groups, while the elementary states participate in the E 6 interactions only.
We further assume that all elementary quark and lepton fields are components of the bulk 27 supermultiplets of E 6 . In the four-dimensional N = 1 SUSY models based on the E 6 gauge group, the fundamental 27-dimensional representation involves components Φ i that correspond to the left-handed quark and lepton supermultiplets (q i and ℓ i ), righthanded up-and down-type quark supermultiplets (u the invariance of the Lagrangian, the components Φ i and Φ i of the bulk 27 supermultiplet should transform under Z 2 , Z I 2 and Z II 2 as follows
where P , P I and P II are diagonal matrices with eigenvalues ±1 that act on each component of the fundamental representation of E 6 , making some components positive and some components negative.
One can specify the matrix representation of the orbifold parity assignments in terms of the E 6 weights α i and gauge shifts, ∆, ∆ I and ∆ II corresponding to Z 2 , Z I 2 and Z II 2 . Then the diagonal elements of the matrices P , P I and P II can be written in the following form [21] (
where σ, σ I and σ II are parities of the bulk 27 supermultiplet, i.e. σ, σ I , σ II ∈ {+, −}. In the case of the fundamental representation of E 6 the particle assignments of the weights are well known (see, for example [21] ). Here we choose the following gauge shifts
that correspond to the orbifold parity assignments shown in Table 1 . Table 1 : Orbifold parity assignments in the bulk 27 supermultiplet with
The supermultiplets V and Σ, which are components of the E 6 gauge supermultiplet, transform under Z 2 , Z I 2 and Z II 2 as follows
In Eq. (8) In addition to the three branes mentioned above, there is a fourth brane O III which is situated at the corner y = πR 5 /2, z = πR 6 /2 of the physically irreducible space. The . The corresponding parity assignment P III = P P I P II . Combining three parity assignments P , P I and P II one can see that P III is just an identity matrix. This implies that on the brane O III the E 6 gauge symmetry remains intact, while N = 2 supersymmetry is broken to N = 1 SUSY. The consistency of this orbifold GUT model requires that two 27-plets are confined on this brane.
The unbroken gauge group of the low-energy effective 4D theory is given by the intersection of the E 6 subgroups at the fixed points O, O I , O II and O III . The inter-
is in turn a subgroup of SO (10) ′ .
The breakdown of SU (4)
′ × SU (2) W × SU (2) N × U (1) ′ to the
SM gauge group
As it follows from the 
where the quantities in brackets are the E 6 representation as well as the values of σ, σ I , σ II and σ III associated with this representation. In Eq. (9) Table 1 ). Because the invariance of the 6D action requires that the parities of the 4D chiral supermultiplets Φ (10) ′ localised on the brane O II , which is associated with the Cartan algebra generator of the U(1) subgroup of SO (10) ′ (see Table 2 ), acquires a nonzero vacuum expectation value (VEV), ϕ 0 , which is somewhat smaller than the GUT scale, breaking the SU(4) 
Using the orbifold parity assignments presented in Table 1 , one can check that all parities of q i and h 
The set of zero modes of Φ . The complete set of the bulk 27-plets and their zero modes, which survive below ϕ = ϕ 0 , are specified in Table 3 . It is assumed that the mass terms involving zero modes of the 6D supermultiplets with exactly opposite Table 3 : The components of the bulk 27-plets that survive below the scales M X , ϕ 0 and φ 0 . The index i = 1, 2, 3 runs over all three generations.
The 6D supermultiplets mentioned above lead to the set of zero modes which compose three pairs of complete N = 1 chiral 27 and 27-plets. Two 27 supermultiplets (say, associated with i = 1, 2) can get combined with two 27-plets which are located on the O III brane resulting in the set of vectorlike states. The mass scale M 0 associated with the masses of these states can be chosen slightly lower than ϕ 0 . We also assume that the ν c and ν c components of one pair of 15 and 15 of SU (6) ′ , as well as the s and s components of another pair of 15 and 15 of SU (6) ′ localised on the brane O I , acquire non-zero VEVs of order of φ 0 but somewhat below M 0 and ϕ 0 . The VEVs
N to the SM gauge group. These VEVs also generate the the following set of the mass terms in the superpotential of the model under consideration:
where
Two pairs of 15 and 15 of SU (6) ′ are expected to form a set of vectorlike states with masses close to φ 0 . Since these supermultiplets are confined on the brane O I , they do not interact with the superfields which reside on the brane O, so that the SU(6) × SU (2) N global symmetry of the strongly coupled sector remains unbroken 2 .
Finally, at the scale M S , which is one or two orders of magnitude lower than M X , SUSY gets broken and scalar components of all superfields including the pseudo-Goldstone bosons gain masses of order M S . We assume that near the supersymmetry breaking scale the SM singlet superfield S, which interacts only with the components of the 6D supermultiplets Φ u 3 and Φ u 3 , acquires a VEV giving rise to the masses of the zero modes with the quantum numbers of u 3 and u 3 . Again the interactions of S with other bulk 27-plets can be forbidden by imposing the appropriate discrete Z 2 symmetry. This leads to the decoupling of the right-handed top quarks from the rest of the spectrum.
The extra fermionic state η, which appears in Eq. (2), can stem from the bulk supermultiplet that does not participate in the E 6 gauge interactions. This supermultiplet can decompose under the E 6 gauge group and Z 2 , Z (2) is reproduced.
Anomaly cancellation and unification of gauge couplings
For the consistency of the orbifold GUT model it is crucial that all anomalies get cancelled.
In the 6D models there are two types of anomalies: 4D anomalies at orbifold fixed 1 Different phenomenological aspects of SUSY models with extra U (1) N gauge symmetry were considered in [28] . 2 The SU (2) N symmetry can be also broken spontaneously on the brane O. Then the VEVs of ν c and ν c as well as s and s break the residual gauge symmetry down to the SM gauge group, inducing the mass terms (12) .
points [29] and bulk anomalies [30]-[31] which are induced by box diagrams with four gauge currents. The contributions of the anomalous box diagrams to the 6D anomalies are determined by the trace of four generators of gauge group. This trace contains a nonfactorizable part and a part which can be reduced to the product of traces of two generators. The first part corresponds to the irreducible gauge anomaly, while the second part is known as reducible anomaly. The reducible anomalies can be canceled by the Green-Schwarz mechanism [32] . On the other hand, the 6D orbifold GUT models based on the E 6 gauge group do not have an irreducible bulk anomaly [31] . At the fixed points, the brane anomaly reduces to the anomaly of the unbroken subgroup of E 6 . It was shown that the sum of the contributions to the 4D anomalies at the fixed point is equal to the sum of the contributions of the zero modes localized at the brane [30] , [33] . In this context it is worth noting that in the orbifold GUT model under consideration the contributions of the elementary superfields, which are confined on each brane, to the corresponding brane anomalies get cancelled automatically. Moreover the orbifold parity assignments are chosen so that the KK modes of the bulk 27-plets localized at the fixpoints always form pairs of N = 1 supermultiplets with opposite quantum numbers. This choice of parity assignments guarantees that the contributions of zero modes of the bulk superfields to the brane anomalies are cancelled as well.
One should also mention that the orbifold GUT models do not lead to the exact gauge coupling unification at the scale M X where E 6 gauge symmetry is broken. The gauge couplings at the scale M X may not be identical, because of the sizable contributions to these couplings that can come from the branes where E 6 gauge symmetry is broken.
However, if in the orbifold GUT model the bulk and brane gauge couplings have almost equal strength, then the gauge couplings, which are associated with the zero-modes of gauge bosons, are dominated by the bulk contributions because of the spread of the wavefunction of the corresponding zero-modes. Since the bulk contributions to the gauge couplings are necessarily E 6 symmetric, near the scale M X an approximate unification of the gauge couplings is expected to take place. The gauge coupling unification within 5D and 6D orbifold GUT models was discussed in Refs. [18] - [19] and [23] , respectively.
As we do not require here exact gauge coupling unification in the vicinity of the scale where E 6 is broken, M X can even be considerably larger than 10 16 GeV, ensuring proton stability.
3 E 6 inspired composite Higgs model and its phenomenological implications
Global symmetries and constraints
Let us now consider the phenomenological implications of the composite Higgs model in which the weakly-coupled elementary sector includes a set of states given by Eq. (2) at low energies, while the strongly interacting sector involves fields localised on the brane O where E 6 gauge symmetry is broken to SU(6) × SU (2) N . Because all fields of the strongly coupled sector reside on the O brane, the global symmetry in this sector can be SU(6) × SU(2) N at high energies, even though local symmetry is broken down to the
symmetry. However, if the gauge couplings of the strongly coupled sector are substantially larger than the SM gauge couplings at any scale below M X , then SU (6) can still remain an approximate global symmetry of the strongly interacting sector, even at energies as low as say 10 TeV. To simplify our analysis, we further assume that the global SU(2) N symmetry is entirely broken so that the Lagrangian of the strongly coupled sector at low energies is just invariant under the transformations of the SU(6) group only.
In this context it is worth noting that the minimal composite Higgs model (MCHM)
possesses global SO(5) symmetry which is broken down to SO(4) at the scale f [7] (for a recent review, see [34] ). The custodial symmetry SU(2) cust ⊂ SO(4) ∼ = SU(2) W ×SU(2) R [35] allows one to protect the Peskin-TakeuchiT parameter [36] , which is extremely constrained by present data [37] , against new physics contributions. Within the composite Higgs models the contributions of new states to the electroweak precision observables, including theŜ andT parameters as well as the Zb LbL coupling, were analysed in [14] , [38] - [45] . Experimental limits on the value of the parameter |Ŝ| 0.002 leads to the constraint m ρ = g ρ f 2.5 TeV where m ρ is a scale associated with the masses of the set of spin-1 resonances that includes composite partners of the SM gauge bosons and g ρ is a coupling of these ρ-like vector resonances [7] .
Even more stringent bounds on f come from the observed suppression of the nondiagonal flavour transitions in the case when the matrices of effective Yukawa couplings in the strong sector, such as Y u ij and Y d ij , are structureless, i.e anarchic matrices. Indeed, although the generalization of the GIM mechanism in the composite Higgs model associated with partial compositeness significantly reduces the new physics contributions to dangerous flavour-changing processes, this suppression is not sufficient to provide a fully realistic theory of flavor. The constraints that arise from the non-diagonal flavour transitions in the quark and lepton sectors were examined in Refs. [43] - [48] and [48] - [51] , respectively. In particular, it was shown that in the case of anarchic partial compositeness f should be larger than 10 TeV, because of the constraints which stem from the measurements of CP violation in the Kaon system [43] - [44] , [46] - [47] , as well as the measurements of the electron electric dipole moment and µ → eγ transitions [50] . Large values of f imply that a substantial degree of tuning is required to get a 125 GeV Higgs state. The ratio ξ = v 2 /f 2 constitutes a rough measure of the degree of fine-tuning and describes the departure from an elementary Higgs scenario in the composite Higgs models. The bound on f can be considerably alleviated in the composite Higgs models with flavour symmetries [42] - [43] , [46] , [48] - [49] , [52] . For instance, in the models with U(2)
symmetry, under which the first two generations of elementary quark states transform as doublets and the third generation as singlets, the bounds that originate from the Kaon and B systems can be satisfied even for relatively low values of f that correspond to
- [49] . Recently, the implications of the composite Higgs models were studied for Higgs physics [40] - [41] , [53] - [56] , gauge coupling unification [57] , dark matter [14] - [15] , [54] , [58] and collider phenomenology [39] - [40] , [42] , [46] , [49] , [56] , [59] . The non-minimal composite Higgs models were considered in [14] - [15] , [53] - [54] , [58] , [60] .
The composite Higgs model under consideration (E 6 CHM) does not possess SU(2) cust symmetry mentioned above. As a consequence, the absolute value of the parameter |T | is expected to be of the order [14] |T
Since the electroweak precision measurements constrain |T | 0.002, Eq. (13) leads to the stringent lower bound on the scale f 5 − 6 TeV 3 , where the breakdown of the SU(6) global symmetry takes place. Although the adequate suppression of the flavourchanging processes in general requires f to be even larger, i.e. f 10 TeV, the desirable suppression of the non-diagonal flavour transitions can also be achieved by imposing U (2) 3 or even larger flavour symmetry, just as in other composite Higgs models discussed above.
Therefore, hereafter we assume that f 5 − 10 TeV. This means that a significant tuning, ∼ 0.1 − 0.01%, is needed to comply with the Higgs mass measurements. This tuning can be accomplished by cancelling two different contributions associated with the exotic fermions and gauge fields that appear with different signs [15] .
In contrast to the SM where there are two accidental U (1) 16 GeV to ensure the adequate suppression of the baryon and lepton number violating operators that give rise to proton decay. In the context of 5D and 6D orbifold GUT models, proton stability was discussed in Refs. [17] - [18] and [24] , respectively.
Non-linear realization of the Higgs mechanism
Below scale f (f 5 − 10 TeV) the global SU(6) symmetry in the E 6 CHM is broken down to SU(5), which in turn contains the SU(3) C × SU(2) W × U(1) Y subgroup. Here we denote the unbroken generators of SU(6), i.e. generators of its SU(5) subgroup, by T a , while the broken ones, i.e. generators from the coset SU(6)/SU(5), are denoted by Tâ.
The generators of the SU(6) group are normalised here so that TrT a T b = 1 2 δ ab . There are eleven pNGB states in the SU(6)/SU(5) coset space. These can be parameterised by
where f plays the role of a decay constant. The matrix Π is given by
To write the non-linear realization of the Higgs mechanism in the E 6 CHM, it is convenient to choose a specific direction for the vacuum Ω 0 . In particular, the breaking SU(6) → SU(5) can be parameterised through the fundamental representation of SU (6) 
Then the leading order Lagrangian that describes the interactions of the pNGB states can be written as
In Eq. (17) the non-linear representation of the pNGB states is obtained in terms of a 6-component unit vector Ω that reads
Sinceφ and φ 0 are invariant under the preserved SU (5), Ω transforms as 5 + 1 under the transformation of the SU (5) group. Therefore one can introduce a 5-component vector,
The first two components of this vector transform as an SU (2) which must vanish in the exact SU(6) symmetry limit. As a consequence, the main contributions to V ef f (H, T, φ 0 ) should come from the interactions of the elementary fermions and gauge bosons with their composite partners which explicitly break SU(6) symmetry.
The analysis of the structure of the pNGB effective potential within similar composite Higgs models, including the derivation of quadratic terms m [14] - [15] . In other words, in this parameter region EW symmetry is broken, whereas SU(3) C colour is preserved. This happens when the contributions of the top quark and exotic fermions to m T generated by the interactions of gluons and their composite partners. Therefore, hereafter we just assume that the non-zero components of the vector Ω break SU(6) symmetry so that SU(2) W × U(1) Y gauge symmetry gets broken down to U(1) em , associated with electromagnetism, whereas SU(3) C symmetry remains intact.
Generation of masses of the SM fermions
As mentioned before, all elementary quark and lepton states gain masses through the mixing with their composite partners. Thus it is important to ensure that the corresponding mixing can occur within the E 6 CHM. In the model under consideration different multiplets of elementary quarks and leptons stem from different representations of the SU (6) subgroup of E 6 . All other components of the corresponding SU(6) representations are extremely heavy (see Section 2) . Thus, at low energies elementary quarks and leptons appear as incomplete multiplets of SU (6), which decompose under the SU (6) 
where the first, second and third quantities in brackets are the SU (6) 
where, as before, the second and third quantities in brackets correspond to the baryon and lepton numbers of these SU (5) 
In order to reproduce the SM up-quark Yukawa couplings, one is forced to assume that interactions similar to those given by Eq. (21) are reproduced in the strongly coupled sector below the scale f . In the case of the SU (6) (21), one should include two SU(6) multiplets that contain an SU (5) decuplet. The simplest SU(6) representation of this type is an antisymmetric secondrank tensor field 15. The next-to-simplest SU (6) representation, that involves an SU (5) decuplet, is a totally antisymmetric third-rank tensor 20. These SU (6) representations have the following decomposition in terms of SU (5) (21) to the case of SU (6) symmetry that results in
where 6 should be identified with the unit vector Ω.
The structure of the interactions (22) In the SU(5) models the masses of the down type quarks are induced through the Yukawa interactions
The simplest SU(6) generalisation of the SU(5) structure of the down-quark Yukawa interactions (24) takes the form:
In scenario B the Yukawa couplings (25) can be used to generate the masses of the down type quarks after EW symmetry breaking. In this case the 6 ′ in Eq. (25) In the case of scenario A, the simplest SU(6) generalisation of the Yukawa interactions (24) , that can give rise to the non-zero masses of the SM down type quarks, is given by
where again 6 ′ ≡ Ω † , while the 20-plet corresponds to the SU (6) 
where 1 i correspond to Majorana right-handed neutrinos that do not participate in the SM gauge interactions. The simplest SU(6) generalisation of the Yukawa couplings (28) is given by
In Eq. (29) 6 ′ ≡ Ω and the 6 should be associated with 6(L i ). The Yukawa interactions (29) imply that the dynamics of the strongly coupled sector should lead to the formation of a set of the SU (6) In the case of one lepton flavour the simplest low-energy effective Lagrangian of the type discussed above can be written as
where E, E, L, L, N and N are composite fermions, while H is a composite Higgs doublet. In the limit where lepton number is conserved, i.e. the parameter µ N vanishes, the Lagrangian (30) 
From Eq. (31) it follows that |m ν | ≪ |m e | if the mixing between the elementary and composite states is small and/or M S ≫ v.
Implications for collider phenomenology and dark matter
As pointed out in the introduction to this article, the composite Higgs model under consideration implies that in the exact SU(6) symmetry limit the dynamics of the strongly interacting sector gives rise to massless SU (6) representations that contain composite t c .
In scenario A the right-handed top quark state belongs to a 15-plet that must carry the same baryon number as t c , i.e. B 15 = −1/3. In this case we assume that in addition to the 15-plet, two 6-plets (6 1 and 6 2 ) with spin 1/2 and opposite baryon numbers remain massless as well that leads to the SU (6) anomaly cancellation in the massless sector.
Moreover, we allow for interaction between vector Ω and multiplets 15 and 6 1 of the type
Yukawa coupling results in the formation of vector-like states that involve a 5-plet from 15 and a 5-plet from 6 1 . The SU(5) singlet components of 6 1 and 6 2 can also acquire mass through the interaction (6 1 Ω)(Ω6 2 ). As a consequence, only the 10-plet from 15
and 5-plet from 6 2 , that carry B = −1/3, do not acquire masses by interacting with Ω.
Nevertheless, these 10-plet and 5-plet states get combined with elementary exotic states q,d c ,l,ē c , resulting in a set of vector-like states with masses somewhat below f and a composite right-handed top quark.
In scenario B the right-handed top quark state belongs to the 20-plet of SU (6) with baryon number B 20 = −1/3. We assume that in this case the dynamics of the strongly coupled sector results in a massless 20-plet, 15-plet (15 ′ ) and two 6-plets (6 ′ 1 and 6 ′ 2 ) with spin 1/2 in the exact SU (6) One of the lightest exotic states in the E 6 CHM should be stable. This can be understood in terms of the Z 3 symmetry which is known as baryon triality (see, for example [14] , [62] ). The corresponding transformations can be defined as
where B is the baryon number of the given multiplet Ψ and n C is the number of colour indices (n C = 1 for the colour triplet and n C = −1 for 3). Because baryon number is preserved to a very good approximation, the low energy effective Lagrangian of the show that if such remnant particles were to exist in nature today their concentration should be much higher than 10 −15 per nucleon [64] .
Therefore the E 6 CHM with stable exotic colour triplets or stable exotic charged fermions is basically ruled out. In principle the set of exotic states in the E 6 CHM also includes neutral fermion states ν ′ (ν ′ ) that transform non-trivially under baryon triality.
However, if these states are sufficiently light, i.e. they have masses in the few TeV range, to play the role of dark matter such states would need to couple to the Z-boson and scatter on nuclei, resulting in a spin-independent cross section which is a few orders of magnitude larger than the upper bound from direct dark matter searches (for a recent analysis see [65] ).
In order to ensure that the composite Higgs model under consideration is phenomenologically viable, we assume that the dynamics of the strongly interacting sector of the E 6 CHM leads to the formation of the SU(6) singlet state η, with spin 1/2, which gains its mass through the mixing with the elementary state η. In scenario A we allow for an interaction between η, vector Ω and 6 2 of the type η × Ω × 6 2 . We also assume that a similar interaction between η, Ω and 6 ′ 2 is allowed in the case of scenario B. This implies that η carries baryon number +1/3 in scenario A and −1/3 in scenario B. The breakdown of the EW symmetry gives rise to mixing between η and ν ′ as well as η and ν ′ , resulting in two mass eigenstates ζ 1 and ζ 2 . When this mixing is rather small the lightest state, ζ 1 , can be predominantly an SU(2) W singlet, so that its coupling to the Z-boson can be strongly suppressed. As a consequence ζ 1 can play the role of dark matter if this state is the lightest exotic state with non-zero B 3 charge.
When ζ 1 is stable some part of the baryon asymmetry can be stored in the dark matter sector, because ζ 1 carries baryon number. Indeed, if ζ 1 ζ 1 annihilation is efficient enough the dark matter density in this model can be generated by the same mechanism that gives rise to the baryon asymmetry of the Universe. In this case one can estimate the ratio of the baryon charges B ζ 1 and B n accumulated by ζ 1 states and nucleons as
where ρ ζ 1 and ρ n are contributions of ζ 1 states and nucleons to the total energy density, while m ζ 1 and m n are the masses of the ζ 1 states and nucleons, respectively. Taking into account that ρ ζ 1 does not exceed the total dark matter density, i.e. ρ ζ 1 5ρ n , the value of θ can be larger than 0.1% only when m ζ 1 2 TeV.
The presence of exotic states with TeV scale masses can lead to remarkable signatures.
Assuming that t ′ , b 
The dominant decay channels of b 
is allowed, whereas in scenario B this exotic state decays like b
If exotic quarks of the type described here do exist at sufficiently low scales, they can be accessed through direct pair hadroproduction at the LHC. The corresponding production processes are generated via gluon-induced QCD interactions. The exotic quarks b ′ 1 and t ′ are doubly produced and decay into a pair of third generation quarks and ζ 1 , resulting in the enhancement of the cross sections of
The final states (36) are similar to those associated with gluino pair production in the scenarios where the third generation squarks are substantially lighter than the other sparticles, so that the gluino decays predominantly into a pair of third generation quarks and a neutralino (for recent analysis see [66] ). As compared with the exotic quarks, the direct production of e ′ 1 , e ′ 2 , ν ′ and ζ 1 is expected to be rather suppressed at the LHC. Nevertheless, it is worth noting that the pair production of e In scenario A this scalar exotic state couples most strongly into b ′ 2 and ζ 1 . Therefore, if T is heavier than b ′ 2 it decays predominantly as:
Otherwise it decays via
In scenario B the scalar colour triplet T couples not only to b ′ 2 and ζ 1 but also to t, t ′ , b ′ 1 and e ′ 2 . As a result, the following decay channels are allowed for this exotic state
At the LHC, scalar colour triplets can be pair-produced if these exotic states are light enough. Then from Eq. (39) it follows that the decays of T T may result in the enhancement of the cross sections for the processes (36) , with the four third generation quarks in the final states. Besides, as one can also see from Eq. (39) , in some cases the T T production can lead to the enhancement of the cross sections that correspond to the processes with six third generation quarks in the final states, i.e.
Conclusions
In this paper we have studied a composite Higgs model which can arise naturally after the breakdown of the E 6 gauge symmetry. Basically we focus on the GUT based on the E 6 × G 0 gauge group, which is broken down to the SU ( symmetry is broken down to the SU(6) × SU(2) N subgroup. The SU (6) group, that remains intact on the brane O, contains an SU(3) C × SU(2) W × U(1) Y subgroup. We discuss the breakdown of the E 6 symmetry to the SM gauge group that results in the appropriate splitting of the bulk 27-plets. The 6D orbifold GUT models based on the E 6 gauge group do not have an irreducible bulk anomaly, whereas brane anomalies get cancelled in the model under consideration.
In general the SM gauge couplings in the orbifold GUT models may not be identical near the scale M X where the GUT gauge symmetry is broken. This is because sizable contributions to these couplings can come from the branes where GUT symmetry is broken. Nevertheless, if the bulk contributions to the SM gauge couplings dominate, approximate gauge coupling unification can take place. Since in the E 6 CHM all states in the strongly coupled sector fill complete SU(6) representations, the convergence of the SM gauge couplings is determined by the matter content of the elementary sector in the leading approximation. Then the approximate unification of gauge couplings can be achieved if the right-handed top quark is entirely composite and the weakly-coupled sector together with the SM fields (but without the right-handed top quark) contains a set of exotic states so that its field content is given by Eq. (2) . The presence of extra exotic states also ensures anomaly cancellation in the elementary sector at low energies.
Since the strongly interacting sector is localised on the brane O, it can possess an SU(6) × SU(2) N global symmetry at high energies, even though local symmetry is broken down to the SM gauge group. In order to simplify our consideration we assumed that SU(2) N symmetry is entirely broken. Thus the Lagrangian of the strongly coupled sector respects SU(6) × U(1) B × U(1) L global symmetry at high energies. The SM gauge interactions break SU(6) global symmetry. Nonetheless, if the gauge couplings of the strongly interacting sector are considerably larger than the SM gauge couplings at any intermediate scale below M X , then SU(6) can be still an approximate global symmetry of the composite sector at low energies.
We assumed that below scale f ≫ v the global SU(6) symmetry is broken down to SU(5), which includes the SU(3) C × SU(2) W × U(1) Y subgroup. The SU(6)/SU(5) coset space involves eleven pNGB states. One of these pNGB states does not participate in the SM gauge interactions. Ten others form a fundamental representation of SU (5) with 5 components. Two of these components are associated with the SM-like Higgs doublet H, while three other components correspond to the SU(3) C triplet T . None of these pNGB states carry any baryon and/or lepton numbers. The pNGB effective potential is induced by radiative corrections caused by the interactions between elementary states and their composite partners that break SU(6) symmetry. The structure of this scalar potential tends to be such that it can give rise to the spontaneous breakdown of the EW symmetry, whereas SU(3) C colour is preserved. Since the pNGB Higgs potential arises from loops, the effective quartic Higgs coupling tends to be sufficiently small that it can lead to a 125 GeV Higgs mass.
As in most composite Higgs models, the elementary quarks and leptons in the E 6 CHM acquire their masses through the mixing between these states and their composite partners. In particular, the corresponding masses can be generated if all quark and lepton Yukawa couplings of the SM, which result in non-zero fermion masses, are allowed in the E 6 CHM. We argued that in the case of the quark sector this can happen in two different scenarios. Scenario A implies that the composite partners of the left-handed quarks, the right-handed up-type and down-type quarks are components of 20, 15 and 15 representations of SU (6), respectively. In scenario B the composite partners of the right-handed up-type quarks, left-handed quarks and right-handed down-type quarks belong to 20, 15 and 6 representations of the SU(6) group. We also explored the generation of lepton masses. In both scenarios these masses can be induced if the composite partners of the elementary left-handed leptons and right-handed charged leptons belong to 6 and 15 representations of SU (6), respectively, whereas the composite partners of the right-handed neutrinos are the SU(6) singlet bound states. To ensure the smallness of the masses of the elementary left-handed neutrinos we assumed that the elementary sector includes a set of heavy Majorana right-handed neutrino states with masses somewhat below M X , which do not participate in the E 6 gauge interactions but get mixed with the SU(6) singlet bound states that carry lepton number.
Because E 6 CHM does not possesses any custodial symmetry, the electroweak precision observables are not protected against the contributions of new composite states. As a result the stringent experimental constraint on the Peskin-TakeuchiT parameter pushes the SU(6) symmetry breaking scale f above 5 − 6 TeV. Besides, in the most general case adequate suppression of the flavour-changing transitions in the E 6 CHM requires f 10 TeV. The latter bound can be significantly relaxed if extra flavour symmetry is imposed. Nonetheless a significant fine-tuning, ∼ 0.01%, is still needed to obtain the weak scale v ≪ f . At first glance such model might look a bit artificial. However the fact that no indication of new physics phenomena or any significant deviation from the SM has been discovered at the LHC so far may suggest that the Higgs sector can be somewhat tuned. In other words, the scale of new physics might be higher than previously thought.
The large value of the SU(6) symmetry breaking scale also implies that the composite partners of the SM particles have masses above 10 TeV, so that they are too heavy to be probed at the LHC. Moreover, since the deviations of the couplings of the composite Higgs to the SM particles are determined by v 2 /f 2 , the modifications of the Higgs branching fractions tend to be negligibly small in this model. So it seems rather problematic to test such small deviations at the LHC. These small modifications of the Higgs branching ratios are probably even beyond the reach of a future e + e − collider. The couplings of the top quark to other SM particles are also expected to be extremely close to the ones predicted by the SM.
On the other hand, the spectrum of the E 6 CHM contains one scalar colour triplet may not be negligibly small at the LHC provided these states are sufficiently light. Then the pair production of exotic quarks may lead to the enhancement of the cross sections for pp → ttbb + E T + X and pp → bbbb + E T + X . We also argued that in some cases the T T pair production at the LHC can result in either similar final states with the four third generation quarks and missing energy or even give rise to the enhancement of the cross sections that correspond to the processes with six third generation quarks and missing energy in the final states, i.e. pp → T T → ttttbb+ E T +X and pp → T T → bbbbbb+ E T +X .
